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SUMMARY 



This report gives the results of measurements of the 
lift, drag, and propeller characteristics of several wing 
and nacelle combinations with a tractor propeller. The 
nacelles were so located that the propeller was ahout 31 
percent of the wing chord directly ahead of the leading 
edge of the wing, a position which earlier tests (N.A.C.A. 
Report No. 415) had shown to "be efficient. The nacelles 
were scale models of an N.A.C.A. cowled nacelle for a ra- 
dial air-cooled engine, a nacelle with external radiators 
for a V-type liquid-cooled engine, a circular nacelle with 
the V-type engine located inside and the radiator for the 
cooling liquid located in a cowling hood of the N.A.C.A. 
type, and a nacelle shape simulating the housing which 
would be used for an extension shaft if the engine were 
located entirely within the wing. The propeller used in 
all cases was a 4-foot model of Navy No. 4412 adjustable 
metal propeller. 

The results of the tests indicate that, at the angles 
of attack corresponding to high speeds of flight, there is 
no marked advantage of one type of nacelle over the others 
as far as low drag is concerned, since the drag added by 
any of the nacelles in the particular location ahead of 
the wing is very small. The completely cowled nacelle for 
a radial air-cooled engine appears to have the highest 
drag, the liquid-cooled engine nacelle with external radi~ 
ator slightly less drag. The liquid-cooled engine nacelle 
with radiator in the cowling hood has about half the drag 
of the cowled radial air-cooled engine nacelle. The ex- 
t ens ion- shaft housing shows practically no increase in 
drag over that of the wing alone. A large part of the 
drag of the liquid-cooled engine nacelle appears to be due 
to the external radiator. The maximum propulsive efficien- 
cy for a given propeller pitch setting is about 2 percent 



higher for the liquid-cooled engine nacelle with the radi- 
ator in the cowling hood than that for the other cowling 
arrangements. 

INTRODUCTION 



A rather extensive research program for the purpose 
of determining the relative merit of wing-nacelle-propel- 
ler combinat ions has included a large number of tests 
with different locations and different cowlings for radi- 
al air-cooled engine nacelles. Numerous locations and 
types of nacelles on monoplane and "biplane wings, as well 
as nacelle arrangements with pusher, tandem, and tractor 
propellers, have been studied. The reports so far pub- 
lished have dealt with tractor propellers in combination 
with monoplane wings (references 1, 2, and 3). Reports 
giving the results of the remaining tests are now being 
prepared. 

There is, of course, no reason why tests of engine 
nacelles and cowlings should be confined to those for 
air«-cooled engines. There is a well- support ed opinion 
that liquid-cooled engines may be just as successfully 
used in multi-engine airplanes and it has been realized 
from the start of the investigation that some attention 
should be given to the liquid-cooled engine and its pos- 
sible application in nacelles. The fact that many air- 
planes have been constructed using 1 iquid- cooled engines 
in nacelles makes it advisable to determine more accu- 
rately the possible advantages of this arrangement, par- 
ticularly because some airplanes so equipped have appar- 
ently had poorer performance than otherwise similar air- 
planes equipped with radial air-cooled engines. 

The shape of the engine nacelle that can be applied 
to a liquid-cooled engine is subject to wide variations 
because of the irregular contours of these engines. With 
the air-cooled radial engine, on the other hand, there 
does not seem to be any valid reason for departing from 
circular cross sections in the nacelle. The nacelle shape 
selected for the liquid-cooled engine in these tests was 
determined after a study of several layouts of nacelles 
furnished by the Army Air Corps and an examination of pho- 
tographs and drawings previously published in aeronauti- 
cal literature. 



The nacelle for the radial air-cooled engine, which 
is shown in figure 1, was of normal type for a J- 5 or 
Wasp Junior engine of 45- inch over-all diameter, the model 
representing the engine and nacelle to 4/9 (l/2,25) full 
scale. The shape and arrangement of the liquid-cooled en- 
gine nacelle with an external radiator are shown in figure 
2, which represents a nacelle for a geared Conqueror en- 
gine to a scale of 4/11.5 (l/3.48). 

A study of the dimensions of the Conqueror engine 
showed that it could he enclosed in a circular nacelle of 
the same shape and size as that required for a 45-inch 
radial air-cooled engine hy slightly increasing the diam- 
eter at the forward end (inside the cowling hood) and plac- 
ing the required radiators within the hood. The arrange- 
ment for this cowling is shown in figure 3, which Repre- 
sents the nacelle for a geared Conqueror engine to 4/9 
scale. The decision to try an engine cowling of this type 
was based on the fact that the completely cowled radial, 
air-cooled engine has a very low drag and interference, 
and on the fact that the external radiator of the type 
normally applied to liquid-cooled engines has a high drag. 
The arrangement of the radiator inside the hood gave some 
promise of improving the drag characteristics of liquid- 
cooled engine nacelles, and it was therefore included in 
this investigation. 

There has "been considerable discussion of the possi- 
bilities of mounting airplane engines entirely within the 
wing and driving the propeller through an extension shaft 
carried forward of the leading edge of the wing. The 
electric motors available for the tests were so designed 
that they could simulate this arrangement with some de- 
gree of accuracy and the opportunity was used to mount 
one of these motors ahead of the wing, the resulting 
shape (shown in fig. 4) representing a possible arrange- 
ment of the extension shaft. 

The location of the engine nacelle at 31 percent of 
the chord of the wing from the propeller to the leading 
edge was based on the tests of reference 1, which had 
shown this location to be more efficient than others. In 
all the tests discussed herein, the nacelle was placed in 
this one location. It should be understood, however, 
th?.t the location is not very critical and any location 
from 25 to 35 percent of the chord is quite satisfactory. 
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APPARATUS AO METHODS 



The testing facilities of the 20-foot propeller- 
research tunnel are fully described in reference 4, and 
the particular alterations for the nacelle tests are dis- 
cussed in reference 1. The wing is the same as used in 
previous tests (5-foot chord, 15-foot span, and 20 percent 
maximum thicknes-s) (reference l). The propeller is driven 
by an electric motor supplied with current from control 
equipment located on the floor of the test chamber. The 
motor is a specially built alternating-current induction 
motor, of small dimensions so that its lines do not inter- 
fere with the proper simulation of the nacelle shapes ex- 
posed to the air stream. The lift of the wing-nacelle 
combination, the thrust (or drag), and the power consumed 
can be measured simultaneously. 

Figure 5 shows the arrangement of the nacelle types 
just discussed as they were mounted in the wind tunnel 
during the tests. Ho photograph of the cowling arrange- 
ment of liquid-cooled engine with radiator in- the cowling 
hood is shown, since in outward appearance it is the same 
as the N.A.C.A. cowling. The radiators used were pieces 
cut from full-size honeycomb radiators rather than scaled- 
down core sections. It was decided that this arrangement 
would give the most comparable results, considering the 
large scale effect on radiators with small air passages 
that would result from scaled-down core sections. The 
sizes of the cores were based on the assumption of ethy- 
lene-glycol as the cooling liquid. 

The first test with each nacelle arrangement consisted 
of measurements of the lift and drag at several angles of 
attack and air speeds between 50 and 100 miles per hour 
with the propeller removed. A second test was then made 
with the propeller in place and operated at various values 
of V/nD by altering the propeller revolution speed and 
the wind-tunnel air speed, so t.aat at each angle of attack 
a sot of curves of propeller characteristics could be plot- 
tod. Tests were made at - 5°, 0°, 5°, and 10° angle of 
at tack. 



SB SUITS 



The results of the tests were reduced to the usual 
nondimensional coefficients, lift coefficient Cl , drag 
coefficient Cp, thrust coefficient C<r , power coeffi- 
cient Cp , and propulsive efficiency T), which are de- 
fined by the following equations: 



c p 



where 



= lift 

q s 
<1 s 

p n 3 D 4 

P ' 
p n 3 D 5 

effec tive thru st X jr e 1 o c i t£_of _ advan ce 
input power 



q, dynamic pressure (l/2 p V 2 ). 

p, mass density of the air. 

Y, velocity. 

T, thrust of the propeller (tension in the crankshaft) 

AD, increase in drag of the "body due to the presence 
of the slipstream. 

P, power input to the propeller. 

n, revolutions per unit of time. 

33, the diameter of the propeller. 

S, wing area (75 sq.ft. in these tests). 
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As it is desirable to compare different nacelles for 
engines of the same horsepower, it is necessary to correct 
the observed data for the difference in the scale of the 
various models. The standard for comparison is taken as 
an engine of 600 horsepower (Conqueror). The corrected 
coefficients have "been plotted in figure 6. The wing- 
alone coefficients against Cj), have been plotted as 
computed. For the 1 iquid-cooled engine nacelle with ex- 
ternal radiator the observed increases in drag coeffi- 
cients have been multiplied by the square of the ratio of 
the scale of the model of this engine to the scale for 
the air-cooled engine; that is, (ll.5/9) s . Similarly, 
since the model is 4/9 the scale of a 300-hors epower en- 
gine, 45 inches in diameter, and since a SOO-hors epower 
single-row radial engine would be about 56 inches in di- 
ameter, the observed increases in drag for the cowled 
air-cooled engine nacelle have been multiplied by (56/45) 3 
3fo correction is made to the results of the liquid-cooled 
engine with radiator in the cowling, since this model is 
4/9 the size of a 600-hor sepower engine nacelle. Neither 
has a correction been made to the model representing the 
extension shaft, since it is presumed that a housing of 
this size scaled up in the ratio of 9:4 would house the 
shaft supports for a 600-horsepower engine. The drag val- 
ues plotted in figure 6, therefore, represent relatively 
the drag of the wing with the various types of nacelles 
for en/vines of 600-horsepower to 4/9 scale. The differ- 
ence between the drag coefficient of the wing and the 
drag coefficient of any wing-nacelle combination at a 
given lift coefficient represents the drag and interfer- 
ence of the engine nacelle. 

In figure 7 are shown the curves for the wing alone, 
the 1 iquid- cooled engine nacelle with external radiator 
and wing combination, and the same combination with the 
radiator removed. The same corrections to the measured 
increase in drag have been made as in the previous figure. 

The large amount of propeller data obtained for these 
wing-nacelle combinations at the several angles of attack 
would consume considerable space and, since the most inter 
esting comparisons are at high-speed condition, the curves 
of figure 8 give only the thrust, power, and efficiency 
characteristics for an angle of attack of 0 and with the 
propeller set 17° at 0.75 E, which setting was used 
throughout these tests. -In figure 9 are -shown the varia- 
tions in these same charact er ist ic s with angle of attack 
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for two values of V/nB. The value of Y/nD = 0.65 cor- 
responds to the high-speed condition and the value V/nD = 
0.42 to the climbing condition. These values of V/nD 
have been used in comparisons of results in the previous 
reports of reference. 

DISCUSSION 



Examination of the curves in figures 6 and 7 indicates 
that for a given nacelle arrangement the drag and inter- 
ference of the nacelle is nearly constant for all angles 
of attack. Since the principal performance characteris- 
tic of interest is usually the high speed and also because 
the drag of the nacelle is but a small part of the total 
airplane drag at higher angles of attack, it is usually 
sufficient to compare the results at an angle of attack 
corresponding to the high-speed condition. It has been 
found in another series of unpublished tests recently made 
in the full-scale wind tunnel that the drag added by the 
nacelle is practically the same for wings of different as- 
pect ratios. It may therefore be said that the drag added 
at a given lift coefficient as shown by the present tests 
can be applied to wings of other aspect ratios at the same 
lift coefficient. Since the wing used in these tests was 
of aspect ratio 3, an angle of attack of 0 for the pres- 
ent wing corresponds to one of about -2° for a wing of as- 
pect ratio 6. If the drag and interference of the nacelle 
is taken at 0 from the present results and applied to 
wings of normal aspect ratio the angle of attack will be 
about -2'. This angle is considered sufficiently close to 
the high-speed condition, particularly in view of the fact 
that actual wings will probably be tapered and the whole 
airfoil will have a somewhat smaller average thickness, 
consequently a higher angle of attack at the high-speed 
condition. The angle 0 has been used in previous compar- 
isons for this reason. 

lor the present purposes, a lift coefficient of 0.4, 
which is very close t'o that at 0° angle of attack, has 
been used for comparing the drags and interferences of 
the various nacelles. In the table (page 12) are listed 
the drag coefficients corresponding to the nacelle drag 
and interference of the various nacelle arrangements as 
obtained by deducting the drag of the wing alone at a lift 
coefficient of 0.4 from the drag of the. wing-nacelle com- 
bination at the same lift coefficient. It is to be noted 
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that these coefficients are "based on the wing area rather 
than on the nacelle cross-sectional area. If the coeffi- 
cient is multiplied by the model wing area and by the dy- 
namic pressure, the drag at any new speed is obtained* If 
this value is then multiplied "by the square of the scale 
the drag of the full-sized nacelle will * be obtained; that 
is, the' nacelle drag equals C]} n X 75 X q X (9/4) . The 

result of this operation for the various nacelles at an 
assumed speed of 200 miles an hour is indicated in the sec- 
ond column of the table. The third column indicates the 
horsepower corresponding to this drag, obtained by multi- 
plying the drag by velocity in miles per hour and dividing 
by 375. The fourth column, the power used by this nacelle 
drag and interference, is column 3 divided by 600 , the as- 
sumed power of the various engines, in order to obtain the 
fraction or the percentage of the engine power that itf used 
in nacelle drag and interference at 200 miles an hour. 

The table includes values for a 2-row radial engine 
of the same horsepower, based on the assumption that the 
2-row radial is 45 inches in diameter and will have pro- 
portionally the same drag (45/56) E , as the siigte*r6w 
radial engine with cowling. These values are of interest 
because of the recent development of such engines in this 
country; the figures are included to show the possiMli- 
ties of drag reduction in the fact that the frontal area 
of a 600«horsepower engine, 2-row radial type, will be on- 
ly about 65 percent of that of a single-row of the same 
power. It may be mentioned in passing that this condition 
is not likely to be realized at the present time, owing to 
the fact that cowling modification has been required to 
insure proper cooling of 2-row radial engines, with the 
result that the drag of the nacelle is likely to be some- 
what greater than that indicated here. 

Two other factors iufluoacs the c-nvplot © comparison 
of the relative merits of nacelle-wing comb 5... i at ions , 
The propulsive efficiency as indicated in figure 8 for 
the various combinations does not apply at the speed as- 
sumed in the table, since propeller pitch at a speed of 
200 miles an hour would be about 28° instead of the 1?° 
used. Other tests have shown that at the high pitches 
there is no great variation of propulsive efficiency be- 
tween one nacelle location anc^ another, so that the vari- 
ation of propulsive efficiency at high speed can be neg- 
lected in the first approximation of the merits of the va- 
rious nacelle combinations. Also, although the additional 
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lift produced by the actioa of the propeller "becomes quite 
large at high angles of attack, at angles of attack cor- 
responding to high speed it is very small and can he neg- 
lected, for this reason the values of the lift with pro- 
peller operating are not given here, and are not used in 
comparing the nacelle arrangements. 

The order of merit of the nacelle arrangements, as 
shown in the fourth column of the table, indicates that 
the extension- shaft arrangement with engine in the wing is 
the best, followed in order by the liquid-cooled engine 
with radiator in the cowling, the liquid-cooled engine 
with external radiator, the 2-row radial engine with com- 
plete cowling, and the single-row radial engine with com- 
plete cowling. Direct comparison of the figures given 
Would indicate that the drag of the ext ens ion- shaft arrange- 
ment consumes less than half as much power as the liquid** 
cooled engine with radiator in the cowling and less than 
one fifth as much as the single-row radial engine With com- 
plete cowling. It must be remembered, however, thit the 
power required in the high-speed range varies almost as 
the cube Of the speed, so that the total advantage giin^d 
from installing an engine in the wing with eXtehiiOjfi shaft 
over the arrangement of a single-row radial engine in a 
cowling ahead of the wing would actually be only about 8 
miles per hour at a speed of 200 miles per hour, and the 
use of the extension shaft in preference to a liquid* 
cooled engine with the radiator in the cowling would re- 
sult in only about 2-1/2 miles per hour gain in speed at 
200 miles per hour. The figures indicate also that even • 
if the drag of the extension shaft could be entirely .elim- 
inated the speed would be increased only about l-l/2 miles 
per hour, so that as far as nacelle locations and types 
are concerned the present arrangements are very near the 
limit of possibility. 

In connection with the extension- shaft scheme it may 
also be mentioned that as illustrated here no provision 
is made for cool ing the engine, the assumption being that 
a skin-type radiator is used. The general dissatisfaction 
with the skin-type radiator would probably mean that in an 
actual application some other type of radiator would be 
employed, so that the extension- shaft arrangement in prac- 
tice would not be as efficient as indicated. 



It may be well to mention, in ease' 
made between the results here given and 



comparisons are 
those of reference 
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1, that an apparent discrepancy arises "between the _ percent- 
age of 7 shown here for the power used in nacelle drag (for 
45- inch-diamet er engine) and the 1 percent given in the 
other report. This difference is due to the fact that an 
engine of different power was assumed in reference 1 and 
the speed corresponds to about 120 miles per hour instead 
of the 200 miles per hour assumed here. In fact, the per- 
centage of the power used in the nacelle drag varies with 
changes in power, size of nacelle,- and speed, and is not 
by any means a single-valued factor. 

The surprising fact that over half the drag of the 
liquid-cooled engine nacelle with external radiator is due 
to the radiator is worth noting in figure 7. The scheme 
just discussed, of placing the radiator in the cowling 
hood, is one way of partly eliminating this high radiator 
drag. It also appears from figure 8 that the arrangement 
of the radiator in the hood would increase the propulsive 
efficiency slightly so that this nacelle arrangement prom- 
ises to be somewhat "better than indicated in the compara- 
tive table. Of course, there may be some difficulties in 
making the arrangement a practical success but these do 
not appear to be insurmountable. 

The general conclusion to be drawn from these results 
is that there is no inherent inferiority of the liquid- 
cooled engine with respect to the air-cooled engine so far 
as nacelle applications are concerned; in fact, there ap- 
pears to be an advantage in favor of the liquid-cooled en- 
gine, especially when improved means of cowling the radia- 
tor are adopted. 

CONCLUSIONS 



1. The liquid-cooled engine installed in the nacelle 
appears to be more efficient aerodynamically than a care- 
fully cowled radial air-cooled engine. If special methods 
of cowling the radiator are adopted the liquid-eooled- 
engine arrangement can be still further improved. 

2. More than half of the drag of 1 iquid-eool ed- 

' engine nacelles of ordinary type is due to the external 
cooling radiator. 

3. Further improvement in the aerodynamic efficiency 
of arrangements of power plants lies in the direction of 
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placing the engine in the wing and driving the propeller 
through an extension shaft, provided that the cooling of 
the engine can he secured without additional drag. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , December 19, 1933. 
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COMPARISON OF WING-NACELLE COMBINATIONS 
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N.A.C.A. - TigB. 1,2 




Section A-A Section B-B Section 0-0 

Figure 1.- Wing and air-oooled engine naoelle with N.A.O.A. 

cowling. 




Section C-C 

Figure 3.- Wing and liquid-cooled engine nacelle with external 

radiator. 



Figs. 3,4 




Section A-A Section B-B Section 0-0 

Figure 3.- Wing and liquid-cooled engine nacelle with radiator 
in N.A.O.A. cowling. 




Section A-A Section B-B 
Figure 4.~ Engine enclosed in wing with extension propeller shaft. 



U.A.C.A. cowling 




Sogine in wing, extension shaft 
Wing-nacelle combinations mounted for tests 




Figure 6.- Comparison of lift and drag characteristics of wing alone and 
in combination with various nacelles. 



Figure 7.- Bffeot of external radiator on lift and drag of wing and 
liquid-cooled engine-naoelle combinations. 



f « A« C« A« 
.10r 

























k 






























, :- 




\ 




















\ 










f 










\\ \ 








/ 






\ 






— ^ 


V 
1 
1 














\V 






\ 

I'i 














s 


























t 


















'1 





Figs. 8,9 

Propeller 4413, 
r\ diameter 4 ft. , 

set 17« at 0.75R, 
• 9 angle of attack 



8 Figure 8.- Propel- 
ler 

characteristics 
of various 
nacelle-wing 
combinations. 
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Liquid-cooled 
.2 engine, radiator 
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cowling. 
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Engine in wing, 
extension shaft. 
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Propeller Ho. 4418, 4 ft, diameter, set 17° at 0.75R. 
Figure 9.- Effect of angle of attack on propeller characteristics of 
various nacelle-wing combinations. 



